Figure 1. Experimental Paradigm
In the cross-modal study phase (top), each trial began with the appearance of a crosshair, which cued subjects to sniff an odor for 1.5 s. After a 0.5 s delay, an object was presented for 5 s, during which time subjects imagined a story or link between the odor and object. TTA, trithioacetone; ROS, rose. In the test phase (bottom), objects were presented for 1 s in the absence of sniff cues or odor delivery, and subjects made an old/new recognition judgment regarding each item.
the detection of retrieval-related (object-cued) activity in
Breathing In a separate group of subjects (n ϭ 15) studied outside piriform cortex would unambiguously signal its involvement in episodic memory processes. In addition, by the scanner, respirations were monitored during object recognition to determine whether breathing patterns manipulating odor valence, we tested the impact of emotional context on the neural substrates of memory systematically varied in a condition-specific manner. There were no significant differences between correct retrieval, with specific emphasis on areas previously implicated in human affective processing (Dolan, 2002 
Behavioral Data
Odor Valence Ratings Subjective ratings of odor valence (Ϫ10 to ϩ10) were as follows: positive odors, 6.2 Ϯ 0.39 (mean Ϯ SEM); neutral odors, 1.1 Ϯ 0.66; negative odors, Ϫ6.8 Ϯ 0.55 ( Figure 2A ). Across the three odor groups, there was a significant main effect of valence ( 2 ϭ 34.47; df ϭ 2; p Ͻ 0.001; Friedman test for related samples). Pairwise post hoc comparisons showed that the positive odors were rated as significantly more pleasant than the neutral and negative odors, and the neutral odors were rated as significantly more positive than the negative odors (all p's Ͻ 0.001; Wilcoxon signed-ranks test).
Memory Performance
Subjects performed well on the recognition memory task across all valence levels ( Figure 2B ; Table 1 ). Recognition accuracy was greatest for objects that had been paired with positive-smelling odors during the study phase. Repeated-measures ANOVA demonstrated a significant main effect of emotional context on correct hits [F(1.5, 21.2) ϭ 5.005; p Ͻ 0.05; df adjusted using Greenhouse-Geisser correction]. The hit rate for objects that had been presented in the context of positively (Table 2) . Thus, responses in these regions could not be explained and condition (hits versus correct rejections). This confrom piriform cortex indicated that the hit-evoked retrast revealed a significant interaction in right piriform sponse generally conformed to the predicted shape of cortex, which reflected greater activity in the olfactory the canonical hemodynamic response function and sigstudy ( Figure 3H ). Peak activity was detected at the nificantly differed from correct rejections at the peak same voxel identified in the primary experiment (30, 3, centered around 6 s ( Figure 3E ). In the same contrast, Ϫ12; Z ϭ 3.17), suggesting that this structure is more we also detected a significant enhanced response in sensitive to retrieval in the odor condition. right anterior hippocampus (Figures 3B-3D) . Plots of In a supplementary analysis of the nonolfactory data percent signal change from the peak piriform and hipposet, we performed a region-of-interest analysis centered campal voxels show that positive, neutral, and negative on piriform cortex. There was no evidence that reodor contexts all contributed similarly to the recognition sponses to hits versus correct rejections were significantly enhanced in either right (Z ϭ 1.62; p Ͼ 0.5) or left effects observed in these areas ( Figures 3F and 3G) . (Sobel et al., 1998) , it is possible that the piriform activity could indicate odor imagery rather than odor reactivation. However, we think this is unlikely for two reasons. First, in a postscan debriefing, subjects consistently stated that successful object recognition was most commonly associated with the recall of the story (which sometimes led to secondary recollection of the odor name), but not with active odor imagery. No subject reported trying to conjure up actual smells consciously during the test phase. Second, respiratory measurements collected in a supplementary study outside of the scanner did not reveal any significant breath- The idea that reactivation of sensory regions that are engaged at encoding underpins episodic retrieval is in keeping with models of episodic memory, whereby the right hypothalamus (12, Ϫ6, Ϫ9; Z ϭ 3.89), and left parahippocampus binds a distributed trace maintained hippocampal gyrus (Ϫ24, Ϫ27, Ϫ21; Z ϭ 3.49).
across sensory-specific regions. Such a system preserves the integrity of the original engram and enables Discussion its access by partial or incomplete cues, lending flexibility and adaptability to the memory system (Cohen et Our primary aim in this study was to establish whether a al., 1997; Mesulam, 1998). Our results provide strong retrieval cue in one modality (visual) would elicit sensorysupport for these theories, in so far as we show that specific neural activity in a different modality (olfactory), the presentation of a partial retrieval cue (old object) is following the explicit encoding of cross-modal (odorsufficient to trigger the hippocampus. The suggestion object) associations. We show that successful recognithat the hippocampus then reconstructs the entire trace tion of old objects (compared to correct rejection of new (odor-object) across sensory regions is supported by objects) was associated with significant activation in the activation of piriform cortex in the absence of a piriform cortex. specific odor cue. As the major recipient of afferent input The observed effect in piriform cortex was not influfrom olfactory bulb (Haberly, 1998), piriform cortex is a enced by emotional context, as responses were present biologically credible repository of olfactory engrams and across all levels of valence. Critically, we can be confiaccords with the findings described here. In contrast, dent that piriform activity was not a result of direct odor it is less likely that sensory elements of the original trace stimulation, since object recognition occurred in the abwould be distributed in higher-order olfactory areas, sence of odor, nor was it likely to be related to differential such as OFC or cingulate cortex, where sensory fidelity breathing patterns (in a complementary behavioral is inevitably compromised through progressive synaptic study). Furthermore, direct comparison to a nonolfacconvergence and divergence. This factor may help extory fMRI data set (Smith et al., 2004b) demonstrated plain the corresponding absence of retrieval-related acthat the effect in piriform cortex was specific to associativity in these particular regions. tion with olfactory content, rather than the retrieval of Piriform cortex frequently emerges as a candidate associative information per se. responses, where "positive" refers to an object that had been paired Thus, each object was presented once, and each odor was prewith a positive-valence odor at study), neutral hits (paired with a sented 15 times. No odor occurred more than once every four trials, neutral-valence odor at study), negative hits (paired with a negativeto limit olfactory habituation, and no odor valence level occurred valence odor at study), false alarms (incorrect old), correct rejections more than twice in a row. Odor-object pairs were randomly assigned (correct new), misses (incorrect new), and no response. The onset and counterbalanced across subjects, with the constraint that each times for the seven test conditions (ϫ2 sessions) were modeled as object was paired an equal number of times with each odor valence, stick (␦) functions, then convolved with a canonical hemodynamic to prevent any systematic relationships between particular pictures, response function (HRF) and its temporal and dispersion derivatives, odors, and valence levels. To reduce subject fatigue, scanning was which formed regressors of interest. Subject-specific movement divided into two sessions of 13 min each.
parameters and a high-pass filter (128 s) were included as regressors of no interest. Condition-specific ␤ values, corresponding to the HRF peak, were estimated at each voxel, after correction for serial Test Phase correlations. Relevant contrasts of parameter estimates from all The object recognition task took place 5 min after the study phase. subjects (collapsed across sessions) were then entered into oneDuring each trial, subjects had to decide whether they were viewing sample Student's t tests (random-effects analysis). a study (old) or a novel (new) object. Objects were each presented
In a separate fMRI model, the condition-specific event onsets for 1 s, and subjects responded as quickly and accurately as possiwere convolved with finite impulse response (FIR) functions to proble, using a pushbutton ( Figure 1B) . Trials recurred every 3.2 s. The vide estimates of the percent change in hemodynamic signal at events comprised the 135 old pictures seen at study and 65 new successive 3 s intervals. This illustrative model was used to depict pictures, for a total of 200 events. Object presentation order was group signal time courses from the peak voxel in piriform cortex. randomized across subjects. The test phase was divided into two We report significant activations at a threshold of p Ͻ 0.001 uncorscanning sessions (5.5 min each). Airflow was shut off during this rected in regions predicted a priori, including memory-related areas phase. Subjects were explicitly told that odors would not be delivin inferior prefrontal and posterior parietal cortices, primary olfactory ered during this time, and that they would not need to make any (piriform) cortex, and emotion-related structures in OFC. Due to the more sniffs. recognized complications of recovering fMRI signals in medial temporal lobe (Ojemann et al., 1997), we set a threshold of p Ͻ 0.005 Behavioral Data uncorrected in reporting hippocampal activations. An extent threshMean accuracy and reaction times were computed from subjects' old was not applied (k ϭ 0). Voxels are reported in Montreal Neuroresponses during the test phase. Post hoc valence ratings for the logical Institute (MNI) coordinate space. For display, the right side nine odors (Ϫ10, extremely unpleasant; ϩ10, extremely pleasant) of the image corresponds to the right side of the brain. were also collected from every subject, and means were determined for each valence level. Subjects were also debriefed postscanning and questioned about task performance and strategy during the
